Fe-AI multilayers have been mixed with Xe+ ions at high temperatures. The composition depth profiles have been analyzed by secondary ion mass spectroscopy (SIMS). It is shown that SIMS reveals the Al-rich compound formation inside the initial Al layers, and that this point cannot be questioned by exaltation effect on Fe+ or Al+ ion intensities. Phase formation has been proved by X-ray diffraction at grazing incidence.
Introduction
The mechanisms of ion beam mixing (IBM) have widely been investigated since 10 years (1) . Three contributions are believed to induce the redismbution of the target atoms : binary collisions, dense cascade collisions sometimes considered as thermal spikes, and radiation enhanced diffusion (RED). RED is efficient if the temperature is not too low (T 2 300 K) and is guided by chemical potential gradients. At low temperature, binary collisions well describe the interaction of light ions with matter whereas thermal spike models are more suitable to reproduce the effects of heavy ions crossing a target of heavy atoms (Z = 60). In this last case it has been shown that the thermodynamic properties of the target such as the cohesive energie AEc and the mixing enthalpy AHm can greatly influence the mixing process (2) (3) . Nevertheless when the atornic number of the target atoms is lower (Z -30-40) the correlation between the mixing efficiency and the thermodynamic parameters is less accurate (4) . Moreover for some low-Z metals (Z -20) the correlation is quite questionable (5) . The Fe-Ai system belongs to this last category and the previous measurements of the mixing efficiency show some dispersion confirming that it is a borderline case (6,7,8).
In this context we have undertaken experiments to try to get evidence of chemical effects in IBM of Fe-Al multilayers (Z = 20) at different temperatures. The preliminary results presented here concems mixing at temperatures higher than 300 K since chemical effects via RED undoubtedly exist.
Then our purpose is to test a promising but difficult method : analyzing the composition profile in irradiated Fe-A1 multilayers by secondary ion mass spectroscopy (SIMS). Indeed SIMS has the advantage of high sensibility and depth resolution (9) but the drawback of matrix effects (10) . Then the relation composition-ion intensities depth profiles has to be well understood. Our experiments consist in mixing FeAl multilayer of Al rich global composition able to lead to metastable phases such quasi-crystals (1 1 -12).
The Fe+ and Al+ ion intensity depth profile measured by SIMS are fitted using empirical exaltation coefficients and conelated to the phase formation studied by X-ray diffraction at grazing incidence.
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Experiments
Multilayers composed of 3 Fe layers alternated with 3 Al layers were deposited by electron-gun evaporation ont0 optically polished sapphire substrate, in an oil-free vacuum system (10-8 torr). The top layer was of Al type. The film thicknesses were controlled in situ by a quartz micro-balance.
Ion beam mixing was performed using 800 keV Xe+ ions. One sample series was irradiated at 220°C temperature at a fluence of 0 . 8~1 0~6 Xe+/cm2 and a second one was irradiated at 370°C at a fluence of 1 . 5~ 1016 xe+/cm2.
The elemental composition and the layers thicknesses were measured by Rutherford backscattering spectrometry of 2 MeV alpha particles. The composition profiles were analyzed by SIMS using &+ ions under an oxygen flooding at a saturation pressure of torr. The phases present in the samples before and after rnixing were identified by X-ray diffraction at grazing incidence of OS0, using Cu-Ka radiation (h = 0.154 nm).
Results

As-deposited multiiayers
The RBS spectrum of the as-deposited sample is shown in figure 1 .a. From this spectrum the thickness of each Al layer can be evaluated to 35 nm. The 1st Fe layer has a thickness of 4 nm, and the 2 others, 5 nm. Moreover a pollution of the sample by a small amount of Cu is appearent. Therefore the global composition of the multilayers is AlggFel6Cul.
In SIMS analysis (figure 2.a.) the 56Fe+ and 27Al+ intensities show al1 the individual layers. Indeed the depth resolution is about 7 nm (1). The phase identification is deduced from the X-ray diffraction pattem given in figure 3 .a.. Fcc -Al and bcc -Fe are the only phases present in the sample. Al1 layers are textured since some intense peaks are absent of the spectrum.
* Irradiated multilayers
After mixing at 220°C or 370°C, the RBS spectra (figure 1. b, c) indicate that interdiffusion has occured in the samples. However only the SIMS technique has a high enough depth resolution to show that the multilayer have not been entirely homogeneized (figure 2. b, c). The total sputtering time in spectra (b) and (c) is shorter than it is in spectrum (a) due to the differences in the pnmary ion intensity and in the transmittance of the spectrometer. Indeed the multilayer rnixed at 220°C at the fluence of 0.8~1016 Xe+/cm2 presents 8 maxima on the 5 6~e + signal in phase coïncidence with 8 minima on the Al+ signal. The relative amplitude of the modulation of the Fe+ intensity is about 50 %. The X-ray diffraction pattem is shown in figure 3 .b.. Several compounds have been formed : quasi-crystals, A15Fe2 and A113Fe4. the fcc phase of Al is stili present in the sample.
In the multilayer irradiated at 370°C at the fluence of 1.5x1016 Xef/cm2 the Fe+ and Al+ intensities show the same modulation as for mixing at 220°C at the fluence of 0.8~1016 ~e + / c m 2 , with a lower amplitude vanishing close to the substrate. So this last region has a rather flat composition profile FelgAlg3. X-ray diffraction have not yet been performed so the phases formed are still unknown in this sample.
Discussion and conclusion
The problem is to explain the surprising number of extrema of Fe+ (or Al+) intensity profiles in the SIMS spectra of the mixed samples. The possible role of the main impurities Cu, O and C will fust be discussed. The RBS spectra ( figure 1) show that the C and O contents inside the films are lower than the sensitivity of this technique (5 1 at. %). Indeed this low level due to good vacuum during the metal deposition (10-8 torr) is not expected to have any effect in our results since Gaboriaud et al. (7) have found no difference in mixing measurements of Fe-Al multilayers evaporated in a vacuum of 5x10-7 or 10-9 torr. As well the effect of 1 at. % Cu on the interdiffusion of the main species Fe and Al is likely negligeable. Concerning exaltation effects in SIMS analysis, Cu and Fe have similar behavior in Al alloys (IO), so that Cu is not believed to disturb Our SIMS profiles. Then two hypothesis will be examined :
1. The ondulated intensity profile strictly traces the composition profile (no matrix effect in SIMS analysis). Since in the multilayer mixed at 220°C at the fluence of 0 . 8~ 1016 xe+/cm2 the formation of compounds has been proved by X-ray diffraction, the compounds necessarily form inside the Al layers by Fe diffusion from initial Fe layers. So that an Fe peak (No 1 in figure 2 .b.) is between 2 satellites (1' and 1" in figure 2.b.). Such a compound precipitation in Al can be understood since no solid solution of Fe in Al exists in the Alnch side of the equilibriumphase diagram. In a sirnilar way compound precipitation could have occured in the multilayer mixed at 370°C at the fluence of 1.5x1016 Xe+/cm2. This last point is presently under investigation.
2. The composition profile presents only 3 Fe content maxima centered on the initial Fe layers, the extra maxima king due to ma& effects in SIMS analysis.
In the case where compound formation has been proved, the compounds are supposed to be distributed in the sample so that the Fe content monotonicaily decrease from initial Fe rich zone to Al nch zone without maxima. Thus we look for a matrUr effect responsible for the extra maximaon Fe+ intensity profiles.
Matrix effects in SIMS analysis have been investigated by J.L. SERAN, in the Fe-A1 system, using AI? primary ions under an oxygen flooding at saturation pressure (10) . These conditions are closed to ours except that Oz+ ions were used in our case.
The exaltation coefficient of Fe+ ions in the FexAli-x ailoy is defmed as a function of x by :
where IFe (x) is the intensity of Fe+ ions sputtered from the FexAll-x ailoy by the Ar' beam.
The measurements of p~, (x) by SERAN in the range 0.6 < x < 1 have been reported in figure 4 .a.. Values for O < x < 0.6 are "reasonnable" extrapolations supposing that a saturation effect occurs at low Fe content, as it is the case for the exaltation coefficient of Cu in AlxCul-x alloys for example (10) . Relation It is then concluded that mamx effects resulting from exaltation of Fe+ intensity in a solid solution FexAllmx as in SERAN work cannot explain our experimentai SIMS spectra, for 2 reasons :
In the sample mixed at 370°C at the fluence of 1 . 5~1 0~6 ~e + / c m 2 (figure 2), the concentration profile is closed to the global composition x = 0.16, so that mamx effects must be sensitive to Fe content as low as 16 %. For both mixed samples the IFe profile of an Fe peak in Al must contain 3 nearly equal maxima, and not only 2. Let's try to look for a p~, (x) function which could qualitatively fit the SIMS spectrum of the multilayer mixed at 370°C at the fluence of 1.5x1016Xe+/cm2. If mamx effects are responsible for the slight modulation of IFe the exaltation coefficient p~, (x) has to be highly increased near x = 0.16. Such a coefficient is reported in figure 5 .a.. The calculated Fe+ intensity depth profile resulring from a concentration profile for 20 < x < 10 is qualitatively in good agreement with the experimentai situation (figure 5.b.).
The p~, (x) function suitable to fit the Fe+ intensity spectmm of the sample mixed at 220°C at the fluence of 0.8x1016Xe+/cm2 (figure 2.a.) can be found in the same way and is given in figure 6 .a.. The IFe+ profile (figure 6.b.) qualitatively well reproduce the measurement (figure 2.a.), supposing 0.05 < x < 0.6 to fix ideas.
It is here necessary to look for the physical meaning of the fitted exaltation coefficient p~, (x). The abrupt enhancement of p~, (x) around x = 0.16 is coexisting with the decrease of the exaltation coefficient of p~1 (x), since the maxima of IFe+ occur at the same sputtering times as the minima of I A~+ in the SIMS spectra of the mixed samples (figure 2). So that around x = 0.16 the ionization probability of Fe atoms is enhanced while the one of Al atoms is reduced. Such an effect suggests a particular local environment of Fe and Al atoms. Therefore it seems reasonnable to atmbute the mamx effect to one or several compounds which have been obsemed by X-ray diffraction.
In Fe-A1 alloys an electron transfer from Al to Fe is revealed by density of states calculations (13 -14) in agreement with Pauling electronegativity scale. Such a charge transfer should favour Al against Fe ionization, in disagreement with our SIMS spectra. However this picture is certainly far too naïve since it does not take into account for the role of oxygen. Further investigations are necessary to better understand the origin of the mamx effect.
We can deduce that in the multilayer mixed at 370°C at the fluence of 1.5x1016Xe+/cm2 the SIMS spectnim reveals the precipitation of a compound with electronic behaviour similar to the one found after mixing at 220°C.
In conclusion it has been shown that SIMS analysis of composition depth profiles in mixed Fe-Al multilayers reveals the formation of Al-rich compounds inside the initial Al layers. This point is not questioned even if matrix effects likely exist at low Fe content. 
